Subcooled flow boiling heat transfer of R134a in helically coiled tubes was investigated experi-
INTRODUCTION
Subcooled flow boiling occurs at a heated wall while the temperature of bulk flow is below the saturation temperature. As early as in 1958, Griffith et al. (1958) investigated the void volume in subcooled flow boiling systems. For the past decades, subcooled flow boiling has been widely studied because of its applications in a variety of areas such as (Levy, 1967; Liu and Winterton, 1991; Brennen, 1995; Basu et al., 2005; Torregrosa et al., 2014) . In subcooled boiling, the appearance of bubbles affects the flow and heat transfer between the wall and liquid. A historical review of theoretical basis for bubble dynamics was presented by Plesset and Prosperetti (1977) . Thorncroft et al. (1998) visually investigated the bubble growth and detachment in subcooled upflow and downflow boiling of FC-87. It was found that the process of bubble sliding along the heated wall appears to enhance the heat transfer in the upflow. Situ et al. (2005) carried out experiments of forced flow boiling in a boiling water reactor (BWR)-scaled vertical annular channel with water at atmospheric pressure. The dimensionless correlation of bubble lift-off size was performed under force balance analysis. The location of onset of nucleate boiling (ONB) is the first occurrence of vapor bubbles, identifying the transition from a singlephase to two-phase flow region with corresponding significant change in heat transfer modes. The theoretical model for ONB was provided and extended by a number of studies (Hsu, 1962; Sato and Matsumura, 1964; Bergles and Rohsenow, 1964; Davis and Anderson, 1966 ). More recently, Basu et al. (2002) proposed a correlation for calculating heat flux and wall superheat at ONB, which includes the effects of flow rate, subcooling, and contact angle. The experiment of ONB in a microchannel heat sink was conducted by Liu et al. (2005) . The analytical model for heat flux and the diameter of the bubbles at ONB were obtained with consideration of the impacts of system parameters. Wu et al. (2010) experimentally investigated the ONB in a bilaterally heated narrow annuli with deionized water. It was noted that the heat flux of ONB increases with the increase in pressure and wall superheat, but decreases with increase in the gap size in narrow annuli. Kandlikar (1998) exploited a subcooled flow map in which the subcooled region was divided into partial boiling (PB), fully developed boiling (FDB), and significant void flow (SVF) regions. Analytical models for predicating the heat transfer coefficient in the three different regions were proposed. Based on the analysis of Kandlikar, Prodanovic et al. (2002) presented a judgment based on the transition between partial and fully developed subcooled flow boiling in view of bubble behaviors. Steiner et al. (2005) developed the heat transfer model based on the experimental research of subcooled flow boiling in a rectangular channel. The impacts of the varied forces and subcooling of the thermal boundary were introduced to this model, which was proved to be suitable for partial boiling rather than fully developed nucleate boiling. Lie and Lin (2006) investigated the boiling heat transfer and associated bubble characteristics with R134a in a horizontal annular duct. The influence of experimental parameters on heat transfer in subcooled flow boiling was analyzed. A similar experiment was conducted in vertical cylindrical tubes with different diameters by Martín-Callizo et al. (2007) . The effects of mass flux, subcooling, pressure, and channel diameter on ONB and heat transfer coefficient were presented.
In recent years, the research on heat-and mass-transfer enhancement has experienced explosive growth. The reviews of heat-and mass-transfer enhancement divided the investigation into literature dealing with passive techniques, active techniques, and compound techniques and is given by Manglik et al. (2013) and Bergles and Manglik (2013) . As a passive technique component with compactness in volume and high efficiency in heat transfer, the helically coiled tube method has attained considerable attention in both research and practical applications. Chen et al. (2011) experimentally studied the critical heat flux (CHF) characteristics in horizontal, helically coiled tubes. Dimensionless correlation was proposed to predict the critical heat flux for flow boiling of R134a. Shao et al. (2013) investigated flow boiling patterns and pressure drops in horizontal helical coils. Different flow pattern maps were presented for the rising and declining sections, and the correlation for predicting the flow frictional factors was developed through regression analysis. Meanwhile, the convective boiling measurements in a micro-fin tube for various refrigerants were conducted by Kedzierski and Park (2013) . Refrigerant R134a showed good heat transfer performance due to its higher thermal conductivity. Thus, refrigerant R134a was selected as the working fluid in the present experiment.
To date, extensive research of subcooled flow boiling has been carried out in many kinds of tubes, such as the straight tubes, and a variety of enhanced surface tubes, including mini-and microscale channels. On the other hand, to the author's knowledge, very little publication is available concerning the flow boiling heat transfer characteristics in helical tubes. It is evident that the subcooled flow boiling characteristics in helical coils remain less explored. Therefore, the primary objective of this paper is to study the subcooled flow boiling heat transfer characteristics of R134a in horizontal, helically coiled tubes. The effects of experimental parameters on the ONB and subcooled boiling heat transfer coefficient are investigated in detail. Correlations of heat flux at the ONB and the subcooled boiling heat transfer coefficient in the horizontal, helically coiled tube were developed based on the experimental data.
EXPERIMENTAL SETUP AND DATA ACQUISITION

Experimental Setup
The experiments were conducted with R134a as the working fluid in the experimental setup as shown in Fig. 1 . The experimental setup consists of two main loops, namely, the
FIG. 1:
Schematic diagram of the experimental setup working (R134a) and cooling (30% CaCl 2 solution) loops, and data acquisition system. In the working loop, the circulation of R134a is driven by a metering pump. After that, the working fluid is preheated by a preheater and heated in the test section. The electrical power for the preheater and test section are supplied by dc power units. After exiting the test section, the vapor/liquid mixture of R134a enters a condenser, which is used to condense the vapor and further subcool the liquid of R134a, and the subcooled working liquid goes back to the receiver. In the cooling loop, the condensing capacity of the condenser is determined by the temperature and mass flux of the CaCl 2 solution, which can be regulated by the chiller.
The mass flux, heat flux, and the inlet temperature and pressure of the test section can be adjusted independently. The mass flow rate is measured by a coriolis mass flow meter, based on which the mass flux, G, can be calculated. The liquid flow rate of R134a can be varied by changing the effective stroke length of the metering pump. The heat flux of the test section, q ′′ , can be adjusted by setting the output voltage of the dc power supply. As shown in Fig. 1 , the inlet and outlet pressures, P 1 and P 2 , are measured by precision pressure sensors. The inlet pressure can be controlled by adjusting the valve on the downstream of the test section. Moreover, the accumulator is used to reduce the flow rate and pressure fluctuations during the experiment. As shown in Fig. 1 , the inlet and outlet temperature of the bulk fluid, T 1 and T 2 , can be measured by the T-type sheathed thermocouple. The inlet temperature of R134a is adjusted by the condenser and preheater. All tests are performed under steady-state conditions.
Test Section
As shown in Fig. 2(a) , the test section is a horizontal helical coil made of a 06Cr19Ni10 stainless steel tube. The geometric parameters of the test section are shown in Table 1 , while a schematic representation is shown in Fig. 2 . The heated length, L, is the distance between the positive and negative electrode. 
Data Acquisition
All the signals of thermocouples, pressure sensors, and mass flow meter are collected by an Agilent 34980A data acquisition system. The thermodynamic and transport properties of R134a used in the experimental investigation are calculated by REFPORP 9.0 of NIST. Using resistive heating, the preheater and test section are heated with a uniform heat flux by neglecting the change of resistance with temperature. The heat flux added to the coil, q ′′ , is calculated according to
where R is the electrical resistance of the test tube. Since the temperature of the boiling surface is difficult to measure, the installed thermocouples are used to measure the temperature of the outer surface denoted by T o . The temperature of the inner wall can be calculated by considering the heat transfer in the tube wall as one-dimensional heat conduction governed by
Here k l is the thermal conductivity of the tube.
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Using the measured outer wall temperature T o as the boundary temperature, i.e., T (r=do/2) = T o , and assuming a zero temperature gradient at the outer wall, (dT /dr) r=do/2 = 0, we have the solution for the inner wall temperature, T i , given by
The local heat transfer coefficient is calculated as follows:
The temperature of the bulk fluid, T f , is calculated by linear interpolation based on inlet and outlet temperatures.
The uncertainties of the experimental results are estimated by the methods proposed by Moffat (1988) , and maximum relative uncertainties are listed in Table 2 . The directly measured parameters in the experiments include length, pressure, and temperature. The uncertainties of these parameters are calculated by the instructions of measurement equipment. The uncertainty of indirect measurement can be calculated based on the rootsum-square method,
The partial derivative of f in relation to x i is the sensitivity coefficient for the result f in relation to the measurement x i , and f min is the minimum in the operating range. 
RESULTS AND DISCUSSION
For the practical operation conditions of low flow velocity and pressure, the most stable experimental conditions of the experimental setup are considered. The present experiments are carried out at pressure ranging from 412 to 653 kPa, inlet subcooling from 5.0 to 11.0 • C, heat flux from 0.11 to 15.4 kW m −2 , and mass flux from 147 to 249 kg m −2 s −1 . The characteristics of subcooled flow boiling heat transfer for R134a in horizontal helical coils are illustrated in the form of nucleate boiling curves and the heat transfer coefficient for various locations and cases. Moreover, the effects of pressure, inlet subcooling (∆T sub = T sat − T 1 ), heat flux, mass flux, and the geometric parameters on ONB and the heat transfer coefficient are presented in detail. Finally, the correlations for the heat flux at ONB and the heat transfer coefficient are proposed based on the experimental data.
Subcooled Flow Boiling Curves
To eliminate the entrance and exit effects, the analysis is focused on the data in the second coil of the helically coiled tube. Tests with G = 191.0 kg m −2 s −1 , P 1 = 480 kPa, and ∆T sub = 6.0 • C with the configuration of coil 1 (see Table 1 ). Heat flux is plotted versus outer wall temperature in Fig. 3 . The boiling curves of different α with β = 0 • , 90 • , 180 • , and 270 • are shown in Fig. 3 . It is observed that the temperature of the heated wall increases proportionally with the gradual increase in heat flux in the region of single-phase flow. Once the heat flux increases above a certain value, the wall temperature suddenly decreases, which indicates the onset of the nucleate boiling. Hence, as the heat flux increases, each data curve in Fig. 3 consists of single-phase flow, the onset of nucleate boiling, and two-phase flow.
Discussion here is focused on single-phase flow. Figure 3 shows the data points prior to ONB. Figure 3(a) shows that at α = 45 • , for a given q ′′ , the wall temperature at β = 180 • (outer) is always lower than at β = 0 • (inner). However, there is almost no difference between β = 90 • and β = 270 • . The temperature distribution is attributed to the secondary flow perpendicular to the axis and the axial velocity profile. To assist the discussion, the secondary flow and axial velocity of the main flow are schematically shown in Fig. 4 (McConalogue and Srivastava, 1968) . For simplification, the schematic flow distribution is for a toroidal coil, which is a reasonable assumption for a helical coil with small pitch. First, the secondary flow results from the centrifugally induced pressure gradient. In the middle of the cross section, the secondary flow flows toward β = 180 • , thereby enhancing the local heat transfer. Second, for the main flow, the faster-moving core shifts outward so that the velocity of the liquid phase near the outer side (β = 180 • ) is faster than that in the inner side. Based on the description above, the heat transfer in the outer side is better than that in the inner side and thus results in the temperature of the outer side being lower than the inner side.
FIG. 3: Wall heat flux versus wall temperature at varied coil locations α and varied cross section locations β
It is noted from Fig. 3 that the wall temperature difference associated with β is not obvious with the increase in the value of α. On one hand, as shown by Fig. 3 , the ONB occurs at low heat fluxes at large α, and the heat transfer difference between β = 0 • and β = 180 • becomes significant at high heat flux. On the other hand, the bigger the angle α, the further the distance from the entrance of the test section. The flow should be more thermally developed at the downstream of the tube.
As shown in Fig. 3 , the temperatures at ONB decrease with increase of angle α between α = 45 • and α = 70 • , which is because the subcooling and pressure of the fluid are lower and the condition of the fluid is closer to the saturation at the downstream of the tube. Therefore, the temperature at ONB is lower at larger angle α positions. However, the temperatures at ONB increase at the positions of α = 315 • and α = 60 • . The heat
FIG. 4: Schematic representation of axial velocity contours and secondary streamlines
transfer coefficient between the heated wall and liquid is lower at these two positions, resulting in the delay of the ONB. Figure 3 shows that the difference between varied β positions also appears after ONB. Discussion here will focus on subcooled boiling, for which bubble detachment is a major factor. It is believed that the major forces affecting bubble behavior near the pipe wall include buoyancy force (F b ) and drag force (F d ) by the main flow. Figure 5 schematically shows the drag and buoyancy force acting on a bubble at different locations (α, β). The two forces are schematically shown with arbitrary but comparable magnitudes. The buoyance force is always opposite to the gravity, while the drag force is in the flow direction and therefore always in the tangential direction of the coil pipe. However, depending on the location of the bubble, the combined force will have a different magnitude and direction. The tangential component (F t ) and radial component (F r ) of the force are
Here F r is based on the selection of normal, which is defined positive when pointing to the center of the tube cross section. For the present work, there is no sufficient information, such as bubble size or contact angle, for determining F b and F d . However, the effect of the two forces on the bubble behavior can still be discussed based on Fig. 5 .
FIG. 5: Force analysis of the bubbles at various locations
Nonetheless, Eqs. (6) and (7) can be useful if we rewrite them in nondimensional form as
Equation (8) is related to the tangential displacement of the bubble and shows whether or not the buoyancy force is opposing (negative) or assisting (positive) the drag force in removing the bubble tangentially. Equation (9) is related to the normal displacement of the bubble and shows the normal force is pushing the bubble against (negative) or pulling the bubble from (positive) the tube wall.
To relate Eqs. (8) and (9) to the phenomena shown in Fig. 3 , the two equations are plotted in Fig. 6 versus the angle α for β = 0 • and 180 • . It is noted from Fig. 3 that the nonuniformity of the wall temperature appears in subcooled boiling at varied α except for Figs. 3(a) and 3(b) . In Fig. 6(a) , Eq. (8) is positive and Eq. (9) is negative for 0 • < α < 90 • , indicating the buoyancy force is assisting the drag force in removing the bubble tangentially and the normal force is pushing the bubble against the heated wall. Thus the bubbles should slide along the inner side of the curved tube. The bubble sliding is likely responsible to some extent for energy removal from the heating surface (Thorncroft et al., 1998) . As a result of the heat transfer enhancement at the inner side, the temperature of the inner side is no longer higher than the outer side in this region, being even slightly lower than the outer side at α = 45 • . According to Fig. 6(b) , the same situation occurs in the region of 90 • < α < 180 • on the outer side of the coil. It is
FIG. 6:
The nondimensional forces in Eqs. (8) and (9) show that the wall temperature elevates with the increased heat flux, the heat transfer at these locations is reduced. In Fig. 6(a) , both equations are negative for 270 • < α < 360 • , indicating difficult bubble detachment in that region on the inner side of the coil. This helps explain the degraded heat transfer for β = 180 • shown in Figs. 3(g) and 3(h). In Fig. 6(b) , both equations are negative for 180 • < α < 270 • , indicating difficult bubble detachment in that region on the outer side of the coil. This helps explain the degraded heat transfer for β = 180 • shown in Fig. 3 (e) (α = 225 • ). However, in Fig. 3 (e) the temperature at β = 180 • returns to a normal trend gradually when the heat flux further increases. One possible explanation can be given as follows. As the amount of bubbles rises, the flow velocity is increased with the increase in heat flux. Meanwhile, the size of the bubble decreases at high heat flux, and thus the buoyancy force is decreased. According to Eq. (6), the drag force exerted by the flow is sufficient to drive the bubble to lift or slide along the heated surface. Then the wall temperature can go back to a regular value.
It should be pointed out that the above discussion cannot fully explain the entire picture shown in Fig. 3 . For example, for most cases the outer side β = 180 • shows a lower temperature. This indicates the effect of secondary flow, which is not considered in the force discussion above.
Onset of Nucleate Boiling
The ONB marks the boundary between the single-phase and two-phase flow. As the typical phenomenon of ONB, the wall temperature will deviate from the linear growth process due to the change in heat transfer mechanism. A further inspection of the subcooled boiling curves in Section 3.1 reveals that not all the ONB occurring at the four positions of the same cross section is synchronous. Although there is a slight difference in the heat flux at ONB in the same cross section, a notable difference exists in the wall superheat at ONB. To clarify the effect of the experimental parameters on ONB, the figures are presented in terms of imposed heat flux versus mean wall superheat (∆T sat = T i − T sat ) of the cross section.
As shown in Fig. 7(a) , the effect of the inlet subcooling is manifested for ∆T sub = 5.0 • C, 7.9 • C and 11.0 • C at G = 183.4 kg m −2 s −1 and P = 455 kPa. It can be seen that the higher the subcooling the more the wall superheat and corresponding heat flux are needed to initiate the nucleate boiling on the heated wall. This indicates that the heat transfer between the heated wall and the liquid is higher at a larger inlet subcooling in the single-phase region so that the heat flux is higher at a specified wall superheat for a higher liquid subcooling. When ONB occurs, there is a sharp drop in wall superheat, which is known as the temperature undershoot. With the increased subcooling, the temperature undershoot is larger. The mass flux has a similar trend and mechanism on the wall superheat, heat flux at ONB, and temperature undershoot. It is noted from Fig. 7 that the wall superheat and the q ON B are much lower for higher pressure. This is mainly because the surface tension of R134a is lower at higher pressure, resulting in the liquid being much easier to fully flood the pits and thus to enhance the bubble formation. In addition, the pressure has a great impact on temperature undershoot.
The effects of geometrical parameters on ONB are illustrated in Fig. 8 . The effect of coil pitch of 40, 80, and 120 mm on ONB is shown in Fig. 8(a) . The results indicate that the pitch of the helical coil has a rather slight effect on the boiling curves. It can be seen from Fig. 8(b) that the higher wall superheat and q ON B are needed to achieve ONB in the smaller diameter as the helical diameter changes from 380 to 220 mm. It should be noted that the thermal conditions at the same position are different because of the length between the coil inlet and the test position at the same time α is varying.
A variety of correlations for ONB have been proposed for conventional channels. The minimum superheat criterion for the boiling inception was first postulated by Hsu (1962) . It is noted that the bubbles could generate only if the temperature of the neighboring liquid exceeds the saturation temperature. Sato and Matsumura (1964) extended the analysis by concerning the temperature profiles and introducing the equivalent thickness of the superheated layer. The correlation for predicting the heat flux at the ONB in a conventional channel was proposed as
FIG. 8: Dependence of ONB on helical pitch and diameter
However, these correlations cannot predict the q ′′ ON B very well due to the geometrical parameters and the effect of secondary flow in the helical coil. The nondimensional parameters are added to develop a new correlation for predicting the heat flux of ONB in horizontally helical coils. Dean number (Dn) is the product of the Reynolds number (Re) and the square root of the curvature ratio. The Dean number and Reynolds number are calculated from Eqs. (11) and (12), respectively.
It is postulated that the influence of the mass flux and the curvature ratio on the ONB can be revealed by the Dean number. The density ratio (ρ g /ρ l ) expresses the impact of the pressure on the ONB. Meanwhile, the position has an obvious impact on the heat flux of the ONB. Through the previous analysis of the ONB, it could be postulated that the position is closely linked with the wall superheat. Therefore the ratio of subcooling and wall superheat (∆T sub /∆T sat ) is introduced to express the effect of the positions. The heat flux at the ONB can be defined as
The correlation of the heat flux at the ONB in horizontal helical coils, obtained by means of multiple nonlinear regressive analyses, can be expressed as 
It is noted from Fig. 9 that more than 90% of the experimental data for heat flux at ONB can be correlated by Eq. (14) within ±15%, demonstrating a good agreement with the experimental data. The new correlation for heat flux at ONB is applicable to the following range of parameters: 849 ≤ Dn ≤ 1651, 1.6×10 −2 ≤ ρ g /ρ l ≤ 2.6×10 −2 , and 0.18 ≤ ∆T sub /∆T sat ≤ 3.28.
Subcooled Flow Boiling Heat Transfer Coefficients
Analysis of Parametric Trends
The subcooled flow boiling heat transfer coefficients tested at the position of α = 135 • in the helical coils affected by the experimental parameters are presented in terms of heat flux versus the average heat transfer coefficient of the cross section.
FIG. 9: Comparison between experimental and predicted q ON B
The results in Fig. 10(a) indicate that the mass flux exhibits a slight effect on the heat transfer coefficient. This phenomenon could be attributed to the heat transfer mechanism of the subcooled flow boiling. The heat transfer coefficient is strongly dependent on the mass flux in the region of single-phase forced convection, while the forced convection and nucleate boiling exist in the subcooled flow boiling. With increase in the heat flux, the heat transfer is predominated by the nucleate boiling and the effect of the mass flux gradually diminishes under the experimental conditions. However, the effect of the inlet subcooling shown in Fig. 10(b) is noteworthy. The heat transfer under a lower subcooling is more effective than that under a high inlet subcooling. With the same heat flux and higher bulk temperature, the heated surface is more active for nucleation. As a result, the heat transfer is enhanced for lower subcooling under the present experimental conditions. Next, with mass flux and inlet subcooling being fixed, the higher the pressure, the higher the heat transfer coefficient. With the pressure increased, the surface tension and the enthalpy of the vaporization would be lower, which would activate the smaller nucleation sites. Thus the heat transfer at higher pressure is enhanced. From Fig. 10(d) , we can see that the effect of helical pitch on the heat transfer coefficient is negligible.
Correlation Equations for the Heat Transfer Coefficient
The heat transfer correlation for subcooled flow boiling in a helical coil can be developed by the dimensional analysis method. As a rule, the heat transfer dimensionless group correlation (Prodanovic et al., 2002; Papell, 1963 ) is composed of a Nusselt number 
The Nusselt number of the liquid is defined by the Dittus-Boelter correlation. The boiling number reflects the effect of mass flux and heat flux. The Jacob number is modified (Ja * ) by Papell (1963) , who is the first to introduce the subcooling effect.
Most of the previous correlations cannot predict the boiling heat transfer coefficient in the helical coil, since the effects of the secondary flow and complicated bulk flow caused by the centrifugal force and gravity were not well considered in previous studies. To correlate the heat transfer coefficient of subcooled flow boiling in helical coils, the Dean number, the ratio of subcooling, and the wall superheat are introduced into the original correlation, expressed as follows:
The correlation can be developed through multiple nonlinear regressive analyses. Therefore, the heat transfer coefficient in horizontal helical coils can be expressed as 
The predictive performance of the proposed correlation, Eq. (20), is shown in Fig. 11 . The results indicate that almost all of the present experimental data can be predicated within ±20%, demonstrating a good agreement with the experimental data. The correlation can be applied to the following parameter range: 114 ≤ Bo ≤ 391, 1.1×10 −2 ≤ Ja * ≤ 6.0×10 −2 , 3.5 ≤ Pr ≤ 3.8, 873 ≤ Dn ≤ 1653, 1.6×10 −2 ≤ ρ g /ρ l ≤ 2.6×10 −2 , and 0.23 ≤ ∆T sub /∆T sat ≤ 14.2.
FIG. 11:
Comparison between experimental and predicted heat transfer coefficient
CONCLUSIONS
Heat transfer characteristics of subcooled flow boiling in horizontal helically coiled tubes have been investigated. The following conclusions can be derived from the experimental results and analysis:
(1) In single-phase flow, the nonuniformity of the wall temperature is attributed to the secondary flow and the velocity profile of the main flow. The nonuniformity of the wall temperature is obvious at higher heat flux and upstream of the coil. In two-phase flow, the heat transfer can be related to the bubble detachment driven by the drag and buoyancy forces.
(2) The wall superheat and heat flux at ONB in horizontal helical tubes increase with increase in the mass flux and inlet subcooling but decreases with the increase in the system pressure and coil diameter. The helical pitch has a slight effect on the wall superheat and heat flux at ONB.
(3) A new correlation for predicating the heat flux at ONB is developed by introducing the Dean number and ratio of sucooling and wall superheat for helical coils, in good agreement with the experimental data.
(4) A heat transfer coefficient correlation for subcooled flow boiling in horizontal helical coils is proposed by using a dimensionless analytical method and introducing the dimensionless groups to account for the effect of the coil geometry and subcooling.
